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ABSTRACT
Bhargav, Amruth. M.S.M.E, Purdue University, May 2016. Development of Novel
Cathodes for High Energy Density Lithium Batteries. Major Professor: Yongzhu
Fu.
Lithium based batteries have become ubiquitous with our everyday life. They have
propelled a generation of smart personal electronics and electric transport. Their use
is now percolating to various fields as a source of energy to facilitate the operation of
devices from nanoscale to mega scale. This need for a portable energy source has led
to tremendous scientific interest in this field to develop electrochemical devices like
batteries with higher capacities, longer cycle life and increased safety at a low cost.
To this end, the research presented in this thesis focuses on two emerging and
promising technologies called lithium-oxygen (Li-O2) and lithium-sulfur (Li-S) bat-
teries. These batteries can offer an order of magnitude higher capacities through
cheap, environmentally safe and abundant elements namely oxygen and sulfur.
The first work introduces the concept of closed system lithium-oxygen batteries
wherein the cell contains the discharge product of Li-O2 batteries namely, lithium
peroxide (Li2O2) as the starting active material. The reversibility of this system is
analyzed along with its rate performance. The possible use of such a cathode in a full
cell is explored. Also, this concept is used to verify if all the lithium can be extracted
from the cathode in the first charge.
In the following work, lithium peroxide is chemically synthesized and deposited
in a carbon nanofiber matrix. This forms a free standing cathode that shows high
reversibility. It can be cycled up to 20 times and while using capacity control protocol,
a cycle life of 50 is obtained. The cause of cell degradation and failure is also analyzed.
In the work on full cell lithium-sulfur system, a novel electrolyte is developed that
can support reversible lithium insertion and extraction from a graphite anode. A
xmethod to deposit solid lithium polysulfide is developed for the cathode. Coupling a
lithiated graphite anode with the cathode using the new electrolyte yields a full cell
whose performance is characterized and its post-mortem analysis yields information
on the cell failure mechanism.
Although still in their developmental stages, Li-O2 and Li-S batteries hold great
promise to be the next generation of lithium batteries and these studies make a fun-
damental contribution towards novel cathode and cell architecture for these batteries.
11. INTRODUCTION
Mankind is depleting non-renewable sources of energy at an ever increasing rate. This,
along with the booming portable electronics industry and the impetus to make long
range electric vehicles has placed an unprecedented high demand for electrochemical
energy storage devices. The commercialization and advancement of lithium-ion (Li-
ion) batteries was a major step in coping with this demand. Higher specific energy
in the range of 100-250 Wh kg−1 offered by Li-ion batteries placed it as a better
candidate than other aqueous electrolyte-based battery chemistries for the aforemen-
tioned uses.[1] Despite rapid advancement in recent years to develop high voltage
cathodes (e.g., LiMn1.5Ni0.5O4) to push the specific energy limit, the stability win-
dow of organic electrolytes in the current Li-ion batteries seems to be the barrier in
achieving this goal.[2] Beyond Li-ion technologies such as Li-O2 and Li-S batteries
have garnered much scientific interest in recent years as they have high capacities
albeit operating at lower voltages, providing specific energies several-fold more than
current Li-ion batteries.[3]
Li-O2 batteries use the lightweight and abundant oxygen reacting with incoming
lithium ion at a porous carbon cathode giving a high capacity. The cell discharge
reaction is given by:
O2 + 2Li
+ + 2e− −→ Li2O2 (1.1)
Thus, based on the capacity of the discharge compound, Li2O2, such cells have a
theoretical capacity of 1,168 mAh g−1. The overall standard potential for this type of
cell is 2.96 V, yielding a specific energy of 3,458 Wh kg−1. Such high specific energy
densities make them promising for use in electric vehicles.[4]
Another promising alternative is the lithium-sulfur battery (Li-S). In this battery,
elemental sulfur undergoes a 2 electron reaction and combines with lithium to yield
2lithium sulfide. This process occurs through a number of intermediate steps involving
lithium polysulfides Li2Sx (8 X 2). The overall reaction during the discharge process
is given below:
S + 2Li+ + 2e− −→ Li2S (1.2)
Therefore, the cell can also function through the introduction of a solid species of
the lithium polysulfide (Li2S6) as developed in this work.
A brief introduction to the motivation for work contained in each chapter is listed
in the beginning section of each chapter.
32. LITHIUM PEROXIDE-CARBON COMPOSITE CATHODE
2.1 Introduction
Current Li-O2 batteries are based on an ”open system” design. These cells typ-
ically use Swagelok-type configuration which has a porous carbon cathode.[5] Thus,
these cells ”breathe” oxygen during discharge and convert it to Li2O2, and regenerate
oxygen during charging. The major problems with this system are severe electrolyte
decomposition, cathode instability leading to the formation of Li2CO3 among other
decomposition products,[6] and dendrite formation on the lithium metal anode.[7]
The lithium metal anodes are reactive and suffer from low Coulombic efficiency in
the lithium deposition and stripping process. From a practical implementation point
of view, open system Li-O2 batteries have several drawbacks. They use pure O2,
which means that, practical systems would need to carry O2 cylinder on board or
use devices like air scrubbers to purify and filter atmospheric air for use. Also, the
electrochemistry in these batteries is very sensitive to the O2 quality and presence
of impurities like CO2 and H2O.[8,9] Thus, these ancillary systems would reduce the
specific energy output and also increase operating and maintenance costs. Using the
open system also needs the management of electrolyte evaporation. Safety concerns
regarding operating lithium metal anodes and carrying oxygen also exist. Open sys-
tems use carbon cathodes and hence cannot account for the exact amount of Li2O2
present at any given point of time. There is inconsistent reporting of system per-
formance metrics in the field due to sensitivity of electrochemistry and the lack of
standardization in spite of similar cell designs.[8] In addition, the capacity limited
cycling method is widely used, which cannot bring out the latent instabilities of some
open systems.[10] Closed system Li-O2 batteries start with Li2O2 cathodes which
could eliminate some of the issues with open systems. To the best of our knowl-
4edge, there is no systematic study yet. Li2O2 embedded cathodes have been used to
study the first charge characteristics in which specific capacities of first charges were
reported; however, no discharge and cycling performance have been reported.[11,12]
In this study we present a binder-free cathode configuration in a closed system
which starts with the discharge product Li2O2. As O2 gas is generated during the
charge process, it eliminates the need for pure O2 cylinders or purification systems.
This concept also explores the idea of storing O2 produced during charge within the
cell to enable reuse during discharge. A high first discharge capacity with high cycle
efficiency is demonstrated based solely on Li2O2 rechargeability. It also explores the
possibility of using a non-lithium metal, i.e., graphite anode, in conjunction with
such cathode configuration to realize a full cell that could be a step towards practical
implementation of Li-O2 batteries.
2.2 Experimental
2.2.1 Li2O2-Nano24 Composite and Binder-Free Carbon Current Collec-
tor
Lithium peroxide (Li2O2, 95%, Arcos organics) and Nano24, a nanographite with
350 m2 g−1 surface area (Asbury carbons) in 1:1 weight ratio was ground together
for 15 minutes with a mortar and pestle to form the Li2O2-Nano24 composite in an
Argon-filled glove box (MBraun). Two types of binder-free carbon current collectors
were used. Commercial multi-walled carbon nanotube (MWCNT) paper called buck-
ypaper (Buckeye Composites) was cut into ∼ 1 cm2 discs (weighing ∼ 2 mg) and
dried overnight at 100◦ C under vacuum before use. Toray carbon paper (Fuel Cell
Earth) was cut into similar 1 cm2 discs (weighing ∼ 12.4 mg) and was used in cells
made for ex situ characterization owing to its better mechanical strength. It was also
used as graphitic anode in the full cell with about 50% of its weight assumed to be
graphitic carbon.[13]
52.2.2 Electrolytes
The electrolytes used in this study were 1 M lithium trifluoromethanesulfonate
(LiCF3SO3, 98%, Arcos organics) in 1,2-dimethoxyethane (DME, 99+%, stabilized
with BHT, Arcos organics) which is the main electrolyte in this work and was replaced
in situations wherein it does not support the required performance, 0.5 M lithium
nitrate (LiNO3, 99+% , Arcos organics) in DME for high rate performance testing.
Full cell analysis used liquid carbonate electrolyte (Novolyte, 1 M LiPF6 in ethylene
carbonate/diethyl carbonate (EC/DEC, 1:1 v/v)).
2.2.3 Cell Assembly
A CR2032 coin cell was assembled in the glove box with a weighed quantity of
the Li2O2-Nano24 composite on a buckypaper or carbon paper disc. The powder was
then spread as evenly as possible using a spatula. To this 20 L of electrolyte was
added to make the power wet and adhere to the current collector. Then, another
buckypaper or carbon paper disc was placed on top and 40 µL of electrolyte was
added. This was enough to keep the entire cathode completely wetted. A Celgard
2400 separator was placed on the cathode, additional 20 µL of the electrolyte was
added and lithium metal foil with nickel-foam current collector was placed to complete
the cell. In case of full cells, the Li metal foil was replaced with carbon paper at the
anode side. Finally, the cells were crimped for electrochemical testing.
2.2.4 Characterization
For ex situ characterization, cells were made with carbon paper- Li2O2 compos-
ite sandwich configuration and electrochemically tested as required. The cell was
then opened; the cathode was carefully extracted and thoroughly washed with DME
and dried in the glove box atmosphere. It was then sealed in a suitable container
under Argon and transferred carefully to the testing equipment. Scanning electron
6microscopy (SEM) was performed with a JEOL JSM-7800F field emission scanning
electron microscope equipped with energy-dispersive X-ray spectroscopy (EDS). Pow-
der X-ray diffraction (XRD) was performed with the top carbon paper of the sandwich
removed and the sample protected in the sample holder by Kapton film. This sample
was prepared under dry nitrogen atmosphere. Data were collected on a PANalytical
Empyrean X-ray diffractometer equipped with Cu Kα radiation source for 2θ between
20◦ and 80◦ at a scan rate of 1◦min−1. The XRD pattern of the commercial Li2O2
was also collected for comparison purposes.
2.2.5 Electrochemical Measurement
The cathodes for all tests contained 0.9-1.1 mg cm−2 of Li2O2. Thus, the weight
ratio of Li2O2 to carbon in the cathode was about 1:5. The cells were galvanostatically
charged to 4.3 V and discharged to 2.0 V on an Arbin battery cycler with 5 minute
rest time between cycles. The C-rate used for battery cycling measurements was
based on the mass of Li2O2 present at the cathode with 1C at 1,168 mAh g
−1.
Capacity controlled charging was done by limiting the charge duration while cycling
at C/10. These cells also had charge cutoff at 4.3 V and discharge cutoff to 2 V. Cyclic
voltammetry (CV) was performed on a Bio-Logic VSP potentiostat between 4.5 and
1.8 V at a scanning rate of 0.05 mV s−1. Linear sweep voltammetry of the electrolyte
was performed from OCV to 4.9 V in a cell with only a Celgard separator soaked
with the electrolyte at a scan rate of 0.1 mV s−1 with the Bio-logic potentiostat.
Electrochemical impedance spectroscopy (EIS) data was collected with the Bio-Logic
VSP impedance analyzer in the frequency range of 1M Hz - 0.01 Hz with Li metal foil
as both counter and reference electrodes. The cells were cycled on the Arbin battery
cycler at C/10 in between these tests.
72.3 Results and Discussion
The carbon sandwich type cathode configuration has been demonstrated to be
effective for insulative materials like Li2S in rechargeable Li-S batteries.[14] Active
materials without binder can be sandwiched in between two layers of binder-free
MWCNT or carbon paper as current collectors, which provide sufficient ion and
electron transport pathways. A Li2O2 packed electrode can be charged to yield
molecular O2 in an open system type cell which has also been demonstrated.[15]
With the known background of limited conductivity of Li2O2,[16] Nano24, nanosized
graphitic flakes, was mixed in equal proportions by weight with Li2O2 to provide a
conductive substrate in the sandwiched cathodes.
Figure 2.1. Schematic of the cell configuration. The cathode shows a
buckypaper sandwich with Li2O2-Nano24 composite in between them.
Figure 2.1 shows the schematic of the closed system Li-O2 battery with Li2O2-
Nano24 composite sandwich type cathode with lithium metal foil as the anode. 1
8M LiCF3SO3 in DME was selected as the electrolyte owing to low viscosity while
giving high yield of Li2O2 during discharge.[17] This cathode configuration provides
an efficient electron conduction pathway into the Li2O2 such that enough charge is
transferred for complete conversion of Li2O2 to O2. It also lowers the charge voltage
below 4 V. The basis for using Nano24 was that it is a porous nanographite with
high surface area (350 m2 g−1) providing a large reaction surface area and thus good
reaction kinetics. Also, basal surface of graphite is known to store oxygen with weak
bonding.[18, 19] Carbons with higher surface area (up to 1,200 m2 g−1) like Black
Pearls 2000 were tested and they did not show an appreciable increase in performance.
Figure 2.2. (a) Voltage profile over 4 cycles demonstrating recharge-
ability when cycled at C/10 rate. The rate and specific capacities
are calculated based on amount of Li2O2 in the cathode. (b) Cyclic
voltammogram of the first cycle at a sweep rate of 0.05 mV s−1 show-
ing peak voltages agreeing with charge and discharge plateaus.
Figure 2.2a shows the voltage-specific capacity profile for the first four cycles of
the cell when cycled at C/10 rate. It can be seen that the first charge occurs at 3.9 V.
This charge plateau is very flat and consistent till about 900 mAh g−11 after which
the charge process starts terminating. At 4.3 V the process reaches the theoretical
capacity for Li2O2 at 1,168 mAh g
−1. The cell shows a flat discharge voltage plateau
at 2.7 V, which is consistent with other Li-O2 cells reported in open systems.[20, 21]
9The discharge process ends with fast voltage decrease to 2 V. The specific discharge
capacity varies between 1,025-1,030 mAh g−1. This yields a Coulombic efficiency of
∼ 88% for the first cycle. Thus, in the first cycle most of the Li2O2 charged could be
formed again during discharge. It can also be calculated that 0.488 mL of oxygen gas
can be evolved in the first charge considering 1 mg of Li2O2 at cathode and standard
conditions. The DME electrolyte can dissolve a theoretical maximum of about 0.214
mL. Therefore, the produced oxygen gas could be stored by the nanographite thus
causing no visible physical deformation in the cell casing due to pressure buildup.
This shows that a medium that is conductive and can hold oxygen can prove to be
an effective component in making a closed system battery. It is also evident that
this process does involve loss of capacity, which could be due to side reactions[22,
23] and possible loss of oxygen due to imperfect containment. The contribution of
side reactions will be further discussed in later sections. The second cycle charge
shows a lower charging plateau at 3.7 V. This could be due to the reduction of
size of the discharged Li2O2 particles.[24, 25] The charge terminates at a capacity of
approximately 1,080 mAh g−1. This capacity is slightly higher that the first discharge
capacity. The extra capacity can probably be attributed to the partial rechargeablity
of a decomposition product.[26] The second discharge occurs at a similar voltage as
first discharge yielding a capacity of about 890 mAh g-1. This makes the Coulombic
efficiency drop to about 80%. In the subsequent cycles the charge voltage increases
owing to the accumulation of decomposition products on cathode. The discharge
capacity reduces by 55% in 4 cycles. Though poor in terms of cycle life, this goes to
demonstrate that a closed system battery is rechargeable, provided parasitic reactions
are eliminated and produced oxygen during charge can be held in the cathode.
Figure 2.2b shows the first cyclic voltammogram of the cell. In the anodic sweep
the current rises steeply starting at 3.9 V which corresponds to the voltage at which
the first charge occurs. In the cathodic sweep, the discharge is signified by its onset at
2.7 V which also agrees with the voltage profile as seen by the galvanostatic cycling
shown in Figure 2a. The cathodic peak presents the completion of the reduction
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reaction of oxygen produced in the anodic sweep. The anodic peak area is similar
to the cathodic peak area, indicating it is a reversible battery reaction in this closed
system. To qualitatively analyze the first cycle, powder XRD was performed on an
Figure 2.3. (a) Powder X-Ray Diffraction patterns of the cathode
as prepared, after first charge, after first discharge by 80%, and af-
ter second discharge by 100%. (b) XRD focusing on the (002) peak
of Nano24 indicative of loss of crystallinity due to O2 adsorption in
charged state. The cell was cycled at C/10 rate.
electrode as prepared without first charge, and another one after charging. XRD
patterns for a cell discharged by 80% in the first cycle and a cell discharged by 100%
in the second cycle were also collected. This was done so as to ascertain if the product
contributing to capacity in the discharge was indeed Li2O2. Figure 3a shows these
patterns in the 2θ range of 30◦ to 80◦ wherein the characteristic peaks of Li2O2
occur. The peaks before charge were matched with XRD of the commercial Li2O2
and ICSD pattern (Reference code: 01-074-0115). All major peaks corresponding to
Li2O2Nano24 composite were identified and are indicated in the figure. The pattern
from the charged cell shows that all the Li2O2 peaks have vanished leaving only the
graphite (004) peak at 54.5◦, indicating the complete conversion of Li2O2 to O2. The
discharged cells show the reappearance of all the peaks of Li2O2 indicating that it is
regenerated in the discharge thus confirming the reversibility of this system. During
the discharge to 80% in the first cycle, no impurity peaks are found. However, several
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unidentified peaks are shown during the discharge to 100% in the second cycle, which
means the major decomposition possibly occurs below 2.6 V in the first discharge
and in the second charge. Figure 2.3b highlights the (002) plane of graphite. It is
observed based on XRD peak heights that the long order crystallinity of graphite
diminishes after charge but returns after discharge. This is also true with the (004)
graphite plane in Figure 2.3a. This is a possible evidence of oxygen generated during
the charge being physisorbed on the nanographite flakes of Nano24 through weak
bonding.[27, 28] Thus in this system the nanographite works as a conductor as well
as a possible oxygen storage medium. The partial matching of peaks of lithium
oxalate and lithium carbonate in the XRD pattern at the end of second discharge
could be due to the severe decomposition of the electrolyte in the presence of oxygen
adsorbed on carbon.[18] The presence of loosely bound oxygen molecules to defect
sites in the graphite of Nano24 during the charging could possibly abstract the carbon
from these defect sites during discharge to form these compounds.[29] Figure 2.4
shows scanning electron microscopy images and EDS elemental (carbon and oxygen)
mapping of the Li2O2-Nano24 composite, charged electrode sample, and discharged
electrode sample. Figure 2.4a shows microsized particles of the ground Li2O2 particles
intimately embedded in a Nano24 conductive matrix which enhances the electronic
conductivity. Figure 2.4b shows the flakes of nanographite without the presence
of crystalline Li2O2, which is consistent with the XRD result. The little content
of oxygen detected in EDS mapping possibly means that some of the produced O2
molecules could be weakly bonded to the nanographite or while most dissipated when
the charged sample was exposed in the glove box and to the vacuum of the microscope.
After discharge, disc- and flake-like Li2O2 particles are formed in the Nano24 matrix
(Figure 2.4c) which is also consistent with presence of only Li2O2 as in the XRD
result of the cell discharged by 80%. Based on the XRD, SEM, and EDS results, it
is clear that Li2O2 as the starting material was converted to O2 in the charge, which
mostly can be held in the sandwiched electrode and reversibly converted to Li2O2 in
the discharge. To exclude the possibility of capacity contribution by the oxidation
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Figure 2.4. SEM images with EDS showing (a) micron sized Li2O2
particles with Nano24 composite (b) Nano24 flakes after charge and
(c) Nanometer scale disc/flake like Li2O2 particles observed upon dis-
charge. The cell was cycled at C/10 rate. SEM was performed at 80%
depth of first discharge. White scale bars indicate 1µm.
of electrolyte and inactive components in the cathode, the electrolyte stability was
measured by the linear voltage sweep (LVS) method and a control cell without active
material in the cathode was evaluated. Figure 2.5a shows the LVS scan for 1 M
LiCF3SO3 in DME. The current is less than 20 µA at 4.3 V which is the charge voltage
cutoff limit for the cell with Li2O2. The current does not start to increase significantly
until 4.8 V, indicating good stability of the electrolyte in the cell operating region.
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Figure 2.5. (a) Current-voltage curve of the electrolyte 1 M
LiCF3SO3 in DME by the linear voltage sweep method. (b) Volt-
age profile for a control cell without active material to determine the
capacity contribution due to other cell components.
The capacity contribution of the cell components including the two buckypaper discs
was determined by cycling the control cell in the same voltage limits as the one
with active material. As demonstrated in Figure 5b, neither the charge nor the
discharge capacity exceeds 0.03 mAh. Thus, it can be assumed that, in the cell with
Li2O2, the capacity contribution comes mostly from the active material Li2O2. To
better understand the cell behavior in terms of internal resistances, electrochemical
impedance spectroscopy (EIS) was performed on a cell before cycle and after first two
cycles. The Nyquist plots are shown in Figure 2.6. The intercept in the high frequency
range can be related to the bulk resistance of the electrolyte. The semicircles can be
assigned to the charge transfer resistance.[30] The freshly-made cell shows a low bulk
resistance and a low charge transfer resistance, indicating good electrical contact with
Li2O2 in this cathode configuration. The first charge increases the charge transfer
resistance significantly, which could be due to the increased resistance among three
phases (solid carbon, liquid electrolyte, and gaseous adsorbed oxygen) at the cathode.
The increased bulk resistance could be attributed to the resistance arising from the
dissolved oxygen in the electrolyte. The extended tail at the lower frequency region
is indicative of the diffusion resistance in the adsorbed oxygen in the cathode. Upon
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Figure 2.6. Electrochemical impedance spectroscopy analysis for a
cell before and after two cycles.
discharge the bulk resistance is lowered to 20 Ω when the dissolved oxygen is converted
to Li2O2, which can deposit on Nano24. The charge transfer resistance is still high,
which can be assigned to the resistance due to the well distributed Li2O2 in the
cathode and insulative decomposed products.[31] In the second cycle, after charge
the bulk resistance is much lower than that of first charge owing to more localized
absorption of O2 due to the charging of smaller, more uniformly distributed Li2O2
particles during first discharge. The second discharge produces a plot similar to that
of first discharge but with a slightly lower charge transfer resistance due to loss of
active material. Figure 2.7 shows the first cycle data for cells cycled from C/20 to C/2
with 0.5 M LiNO3 in DME electrolyte. The electrolyte (1 M LiCF3SO3 in DME)
was able to support rate performance up to C/5 while the cells at higher rates failed.
At C/5 1 M LiCF3SO3 in DME gave similar performance to 0.5 M LiNO3 in DME.
But C/2 cycling performance could only be obtained for electrolytes with LiNO3
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Figure 2.7. Voltage-specific capacity profiles at different C-rates with
cycling based on amount of active material.
concentrations of 0.5 M or higher. All electrolytes failed to sustain cycling at 1C.
This is probably due to the sluggishness of the kinetics and high cell impedances.[32]
It is also interesting to note that LiNO3 alone is able to sustain rate performance
up to C/2. Discharge occurs at 2.7 V for C/20, C/10 and C/5 with the voltage
only slightly lowering with increasing C rate. At C/2 the discharge voltage drops to
about 2.5 V. The specific capacity reduction with increasing C rate is not rapid as
one might expect. C/20 yields a specific capacity of 1,035 mAh g−1 which reduces to
1,005 mAh g−1 at C/2. This means that cell can be discharged at up to C/2 without
much reduction in the specific capacity. The cell has the lowest charge overpotential
of 3.8 V at C/20 which increases to 3.9 V at C/10. C/5 and C/2 seem to have similar
charge plateau at 4 V. All cells charge close to the theoretical capacity of 1,168 mAh
g−1 indicating effective electron transport into the cathode even at higher rates. Thus,
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this cathode configuration enables high Coulombic efficiency upwards of 85% even at
high rates without compromising on specific energy and power.
Figure 2.8. Voltage profile over 4 cycles of the closed system cell
under capacity limited cycling with 50% depth of charge while cycling
at C/10 rate. The specific capacities are calculated based on amount
of Li2O2 in the cathode.
As parasitic reactions could result in severe capacity fade, an effort was made
to understand cycling performance when the decomposition reactions are delayed by
controlling capacity. Limiting charge by 50% would retain some unreacted Li2O2 on
the cathode side. These remaining crystals would facilitate re-crystallization thus
limiting reaction with other cell components. This strategy produces consistent cycle
performance as shown in Figure 2.8. It can be seen that the cell charges to ex-
actly 50% of theoretical capacity during charge. The first charge voltage is 3.9 V
as observed in uncontrolled charging. The following discharge occurs at 2.7 V. The
subsequent charges have two regions. One is a charge plateau at 3.5 V wherein the
smaller particles that re-crystallized over Li2O2 in the first discharge are charged and
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the other region of linearly increasing voltage until capacity cutoff is reached. The
discharge occurs consistently at 2.7 V with capacity slowly fading, which could be
due to parasitic reactions. This shows that the use of capacity limiting charge and
discharge cycles, as is the protocol to delay the onset of decomposition effects, might
prolong cycle life at the cost of capacity utilization.[33] As this electrode configura-
Figure 2.9. Voltage profile of full cell with Li2O2-Nano24 composite
in sandwich cathode configuration when coupled with carbon paper
anode. The specific capacities are calculated based on amount of
Li2O2 in the cathode.
tion starts with the discharge product i.e. Li2O2, it permits the use of a non-Li metal
anode. Present Li-ion batteries combine the cathode with graphite anode. Similarly,
this cathode configuration was coupled with graphitic carbon paper as anode and
EC/DEC electrolyte to obtain a full cell. The EC/DEC electrolyte was used because
it is an electrolyte that can work with the graphite anode. This full cell was cycled
at C/20 based on the mass of Li2O2 in the cathode. The first cycle performance is
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shown in Figure 9. The charge starts at 3.5 V and increases linearly until it reaches
the cutoff at 4.3 V at which point all the Li2O2 is converted to O2 at 1,168 mAh g
−1.
The cell discharges to 923 mAh g−1. If irreversible capacity loss due to SEI layer
formation34 and parasitic reactions known to occur in EC/DEC electrolyte such as
Li2O2 decomposition[35] are taken into consideration, this cell configuration holds the
promise of high Coulombic efficiency and high capacity when combined with non-Li
anodes that can reversibly intercalate Li-ion in a stable electrolyte with the discharge
process of Li-O2 batteries. To gain further understanding of the charge process in
Figure 2.10. Analysis of the carbon paper anode from a full cell
and a carbon paper electrode in a half cell. (a) First charge of the
full cell with 0.9 mg of active material Li2O2 present in the cell and
the recharge profile of the carbon paper anode extracted from it. (b)
Voltage profile of the carbon paper electrode when tested in a half
cell with lithium metal with electrolyte 1 M LiPF6 in EC/DEC.
a full cell and to verify if the charge process based on equation 1.1 is indeed a two
electron process the graphitic anode was further analyzed. Full cells were charged at
C/20 capacity and the cells were opened on charge termination and the anode was
extracted. A half-cell of this used anode was made with Li-metal foil and charged
at 50 µA to a cut-off of 2.5 V to completely extract the Li intercalated during the
charge process. The voltage-cell capacity profile of the first charge of a sample cell
containing about 0.9 mg of Li2O2 and the recharge of the anode from it is shown in
Figure 2.10a. It can be seen that 0.259 mAh is lost while the rest of the capacity can
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be recovered. A control cell of graphitic carbon paper in a half-cell was discharged
galvanostatically to 0.01 V and charged to 2 V to obtain the capacity loss at anode
in SEI formation. The voltage-cell capacity profile is shown in Figure 2.10b. The
first cycle of graphitic carbon paper half-cell results in a loss of 0.262 mAh. This
implies that, during the first charge, all the Li can be extracted from Li2O2 with
almost negligible side reactions. The capacity losses observed in the first discharge
of half cells can be attributed to parasitic reactions which mostly occur at the end of
discharge.
2.4 Conclusion
This study demonstrates that Li-O2 batteries starting with Li2O2 in the binder-
free sandwiched cathode configuration is rechargeable with complete conversion of its
active material into its charged components. It shows that Coulombic efficiency of
85% or more is achievable if cathode is optimized. For the first time in literature,
performance of a Li-O2 cell is presented based on C-rate. A high discharge capacity
of over 1,000 mAh g−1 can be obtained in the first discharge. A strategy to extend
cycle life while sacrificing cell capacity is demonstrated. The capability of using this
configuration with graphite anode in a full cell with efficient charge process is also
shown. The analysis of the charged graphite anode indicates that there is negligible
capacity contribution due to the side reactions in the first charge of Li2O2.[34]
The study fundamentally presents a new paradigm to better understand Li-O2 bat-
teries. This approach can be utilized to understand the reaction kinetics, electrolyte-
cathode interaction, and parasitic reactions. It can also be used to study the use
of oxygen storage materials, different electrolytes and non-Li anodes in such batter-
ies. This approach eliminates the need for oxygen extraction/storage and purification
equipment used in current Li-O2 cell design. Closed system Li-O2 batteries, although
possessing lower specific energy than its open system counterpart, could be a step
towards practical implementation of this technology.
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3. CHEMICALLY SYNTHESIZED LITHIUM PEROXIDE-CNF COMPOSITE
CATHODE
3.1 Introduction
Lithium-ion batteries have transformed our world by ushering in the age of portable
electronics and has made all electric and hybrid vehicles a viable technology. Lithium-
oxygen (Li-O2) chemistry is an attractive high energy density battery technology that
can possibly meet our needs.[1] Despite this, current Li-O2 batteries face many chal-
lenges such as severe electrolyte and cathode decomposition at high overpotentials,[2]
electrolyte loss due to constant purging of oxygen (O2) gas,[3] and loss of active sites
in the cathode due to build-up of insulating discharge products.[4, 5] Also, a prac-
tical implementation of Li-O2 batteries would require associated systems to extract,
purify, store and deliver pure O2 gas with minimal water (H2O) and carbon diox-
ide (CO2) from intake air.[6] The high amount of electrolyte used to compensate for
the electrolyte loss and the paraphernalia associated with O2 delivery significantly
reduces the specific energy of the cell and increases the cost of the system. The other
aforementioned challenges result in low energy efficiency and reduced cycle life.[7]
Although high energy densities are quoted for Li-O2 systems based on the active ma-
terial i.e. O2 being derived from the air instead of being stored within the cell, it is
only practical to assume energy densities based on practical loading/formation of the
end product lithium peroxide (Li2O2) in the cathode at the end of discharge as this
determines the final weight of the battery.[8] A recent viewpoint appropriately high-
lights the incongruity in literature on the reporting of Li-O2 performance.[9] Closed
system Li-O2 cells using Li2O2 (theoretical capacity: 1,168 mAh g
−1) as a starting
material in the cathode without external supply of oxygen can avoid normalization
of capacity based on inactive materials, utilize deep discharge even under capacity
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controlled regime, and ascertain discharge capacity is only due to active materials.
Thus, closed system Li-O2 batteries provide more practical performance metrics that
can be expected from this battery technology.
Li2O2 containing cathodes have been studied earlier to confirm O2 evolution on
charging,[10] understand catalysis,[11-13] cathode interfaces,[14] properties of dis-
charge products,[15] and stability of binders.[16] However, prolonged cycle life was not
demonstrated in these works. Our earlier work introduced the concept of a closed sys-
tem Li-O2 battery wherein using Li2O2 as the starting active material would minimize
the above stated problems.[17] Such a system enables the use of Li2O2 to generate
oxygen within the cell. It also minimizes the amount of electrolyte used and thus
increases the practical specific energy achievable by the Li-O2 system. In this work,
we have chemically synthesized nanocrystalline Li2O2 particles that are embedded in
self-weaving carbon nanofibers (CNFs) to form a free standing, binder free, and cur-
rent collector free composite cathode. This cathode exhibits a significantly improved
cell performance from the earlier report due to lower carbon to Li2O2 ratio, opti-
mized electrolyte, smaller particle size and better distribution of Li2O2. The carbon
nanofiber provides excellent electrical conduction and mechanical strength to accom-
modate volume changes during battery operation. This cathode eliminates binders
which have been proven to be detrimental in Li-O2 battery operation.[18]
3.2 Experimental
3.2.1 Materials
Graphitized carbon nanofiber (CNF) (D L 100 nm 20-200 µm, Sigma-Aldrich),
lithium hydroxide monohydrate (LiOH·H2O, 98+%, Acros Organics), hydrogen per-
oxide solution (H2O2, 50 wt. % in H2O, Sigma-Aldrich), methanol (CH3OH, low
water, Fisher Chemical), lithium trifluoromethanesulfonate (LiCF3SO3, 98%, Acros
Organics), lithium nitrate (LiNO3, 99+%, Acros Organics), and 1,2-dimethoxyethane
(DME, anhydrous, 99.5%, Sigma-Aldrich) were purchased and used as received.
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3.2.2 Cathode Preparation
Lithium hydroxide monohydrate was dissolved in 100 mL methanol to prepare
0.1 M LiOH solution. 100 mg of CNF was first vigorously stirred into the lithium
hydroxide solution to disperse it. This mixture was then ultrasonicated using a vibra-
cell VC505 sonicator for 15 minutes causing the CNF to interweave. 15 mol % excess
(with respect to LiOHH2O) of 50% hydrogen peroxide solution was added dropwise
into the dispersion under vigorous stirring at 35◦C to form the composite consisting
of Li2O2 ·H2O2 · 3H2O · 8CH3OH in CNF. The products were vacuum filtered on to
a 7 cm filter paper and washed repeatedly with methanol and ethanol. The cathodes
thus formed were free-standing, flexible films of approximately 350 micron thickness
and 7 cm in diameter. The cathode was dried under vacuum at 100 − 110◦C for 24
h to obtain the Li2O2-CNF composite cathode that was quickly transferred into the
glovebox with minimal exposure to air for further handling and testing.
3.2.3 Materials Characterization
The Li2O2 content in the cathode was determined by thermogravimetric analysis
(TGA) performed on a TA instruments SDT Q600 analyzer under argon gas flow at 50
mL min−1 while heating from 25◦C to 600◦C at 110◦C min−1. For comparison, TGA
was also performed on mechanically ground Li2O2 powder and CNF mixed in ap-
propriate ratios. TGA samples were transferred in alumina crucibles in sealed, argon
filled vials. X-Ray Diffraction (XRD) was performed on a Bruker D8 Discover diffrac-
tometer with Cu Kα radiation source for 2θ between 20◦ and 80◦ at a scan rate of
1.25◦min−1. The XRD samples were prepared in the glovebox by washing the cathode
several times with pure DME, dried in the glovebox and covered with a Kapton film
to prevent any exposure to air. Scanning electron microscopy (SEM) was performed
with a JEOL JSM-7800F field emission scanning electron microscope equipped with
energy-dispersive X-ray spectroscopy (EDS). SEM samples were mounted inside the
glovebox after washing and drying and the samples were transferred to the microscope
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in an argon filled sealed container. The cells used for ex-situ characterizations were
appropriately cycled at C/10 rate before opening them to extract the cathode.
3.2.4 Cell Assembly
The Li2O2-CNF samples were cut into 7/16 inch cathode disks without additional
current collectors. Electrodes were weighed before cell assembly to determine the
mass of Li2O2 present. The electrodes weighed between 3 mg to 4.5 mg. The weight
percent of Li2O2 in the sample obtained from TGA analysis was used to determine the
active material loading in the cathode. An electrolyte consisting of 0.5 M LiCF3SO3
and 0.5 M LiNO3 in DME was prepared. CR2032 coin cells were assembled with the
binder-free, current collector-free, free standing flexible composite film as the cathode.
50 µL of the electrolyte was added to this cathode and a Celgard 2400 separator was
placed on it. An additional 30 µL of electrolyte was added before placing the Li-foil
anode with a nickel foam current collector to complete the cell for crimping. The
handling of the cathode and cell assembly were performed in an M-Braun glovebox
with oxygen and water content less than 0.1 ppm.
3.2.5 Electrochemical Measurement
The coin cells were galvanostatically cycled on an Arbin battery cycler at the
appropriate C-rate calculated based on the active material loading on the cathode.
The cells were galvanostatically charged to 4.3 V and discharged to 2.0 V on an
Arbin battery cycler with 5 minute rest time between cycles. The C-rate used for
battery cycling measurements was based on the mass of Li2O2 present at the cathode
with 1C at 1,168 mA g−1. Capacity controlled charging was done by limiting the
charge duration while cycling at C/10. These cells also had charge cutoff at 4.3
V and discharge cutoff to 2 V. Cyclic voltammetry (CV) was performed on a Bio-
Logic VSP potentiostat between 4.3 and 2.0 V at a scanning rate of 0.05 mV s−1.
Electrochemical impedance spectroscopy (EIS) data was collected with the Bio-Logic
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VSP impedance analyzer in the frequency range of 1M Hz - 0.01 Hz with Li metal foil
as both counter and reference electrodes. The cells were cycled on the Arbin battery
cycler at C/10 in between these tests.
3.3 Results and Discussion
Lithium peroxide can be synthesized by the addition of hydrogen peroxide (H2O2)
to lithium hydroxide monohydrate (LiOH·H2O) in the presence of an alcohol medium
such as methanol (CH3OH) to form lithium hydroperoxide (Li2O2 · H2O2 · 3H2O ·
8CH3OH) which, on drying in-vaccuo, yields high purity Li2O2.[19] Thus by combin-
ing the synthesis of Li2O2 and facile dispersion of CNF in methanol we have developed
a versatile and green cathode preparation technique that is easily scalable for prepar-
ing high performance Li2O2 composite cathodes. Figure 3.1 shows the schematic
Figure 3.1. Schematic outlining the Li2O2-CNF composite cathode
synthesis, photograph showing the large binder-free composite cath-
ode, and SEM image showing nanocrystalline Li2O2 particles embed-
ded in the CNF network.
representation of this process. The process of cathode fabrication consisted of dis-
persing the CNF bundles in a methanolic solution of lithium hydroxide. The methanol
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alleviates the hydrophobic behaviour of CNFs and facilitates easy dispersion. This
was followed by ultrasonication which assists the weaving of the CNFs. The addition
of excess of 50% of H2O2 ensures the complete conversion of all lithium hydroxide to
lithium hydroperoxide. The interwoven CNFs are effective in trapping and confin-
ing the lithium hydroperoxide particles as they precipitate out of the solution. On
filtration and drying the Li2O2-CNF composite cathode was obtained. It consists of
agglomerates of nanocrystalline Li2O2 particles. Thermogravimetric analysis of the
cathode (Figure 3.2) revealed that 35 wt.% of the cathode consisted of Li2O2.[16]
CR2032 coin cells were assembled with this cathode (see ESI for cell assembly pro-
Figure 3.2. Thermogravimetric analysis of CNT, premixed LiLi2O2-
CNF composites, pure Li2O2, and the Li2O2-CNF cathode sample.
cedure) and 0.5 M lithium trifluoromethane sulfonate (lithium triflate, LiCF3SO3)
and 0.5 M lithium nitrate (LiNO3) in dimethoxyethane (DME) as the electrolyte.
This composition of the electrolyte was chosen because higher donor numbers (DN)
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of triflate and nitrate anions would increase cell capacity through intermediate species
solvation.[20] The voltage profile for the cell cycled at C/10 (Figure 3.3a) shows a
Figure 3.3. (a) Voltage profile of the cell cycled at C/10 (1C = 1168
mA g−1 based on Li2O2 mass), (b) cycle performance of the same
cell, (c) cyclic voltammogram of the cathode performed at 0.1 mV
s−1, and (d) EIS spectra of discharged cells cycled at C/10.
4 V plateau for the first charge. This high overpotential is due to agglomeration of
the synthesized Li2O2 particles. The charge terminates at 4.3 V at a specific charge
capacity of 1,158 mAh g−1 (based on Li2O2 mass in the cathode) demonstrating al-
most complete conversion of Li2O2 to O2. This capacity is lower than the theoretical
capacity of 1,168 mAh g−1 probably due to errors in Li2O2 mass measured based on
TGA results and the presence of impurities. The oxygen evolved in charge was stored
in the graphitic CNF thus producing no visible deformation in the cell casing. The
discharge occurs at 2.7 V with a sudden voltage drop occurring on deep discharge to 2
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V at 1,080 mAh g−1. This cathode exhibits a high Coulombic efficiency of 93% for the
first cycle. This implies loss of capacity due to electrolyte decomposition and cathode
degradation at high overpotentials.[21] Subsequent cycles clearly show two voltage
plateaus during charge. The first one occurring at about 3.5 V which is attributable
to the conversion of the uniformly distributed Li2O2 to O2 and the next occurring
at 4.2 V probably due to conversion of Li2CO3 to CO2.[22, 23] As the cycling pro-
gresses the 3.5 V plateau diminishes and 4.2 V plateau becomes prominent implying
electrode passivation due to electrolyte decomposition products which degrades cell
performance until cell death. The 2.7 V reduction plateau is not altered due to the
closeness of the reduction potential of CO2 with that of O2.[23] Figure 3.3b shows the
cycling performance of the cell and reflects the effects seen in the voltage profile. The
cell maintains a high discharge capacity of >1000 mAh g−1 and Coulombic efficiency
of >85% over 18 cycles, then the capacity diminishes as the cell is cycled with lowering
of efficiency until the 20th cycle. Beyond this, the cell capacity deteriorates rapidly
owing to severe cathode passivation. The cell still exhibits efficiencies near 80% due
to the proportional decrease in charge capacity. The cell completely failed beyond
the 28th cycle exhibiting no rechargeability (not shown). The cyclic voltammogram
of the cathode (Figure 3.3c) corroborates the voltage profile. The 1st oxidation oc-
curs at 4 V and the first reduction occurs at 2.7 V. By the 2nd oxidation, a distinct
3.5 V peak is visible with a minor peak at 4.2 V. In the 5th cycle, the predominant
peak is at 3.5 - 3.7 V region corresponding to the oxidation of Li2O2. The reduction
peak shows a shift to lower voltage due to the electrode passivation causing increased
ohmic polarization. As cycling progresses, the 3.5 V peak height diminishes and the
oxidation occurs at 4.2 V showing that Li2CO3 decomposition is the predominant
process.[24] To further understand the effect of electrode passivation, electrochemical
impedance spectroscopy (EIS) of the cathode discharged to different cycles was per-
formed. The results in Figure 2d shows low charge transfer resistance (diameter of
the semicircle) in the fresh, uncycled cell. Thus, the CNFs provide abundant electron
pathways into the Li2O2 particles. As the cell was cycled, the semicircle diameter
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increases thus supporting the increased charge overpotential observed in the voltage
profile. After 20 cycles, there is nearly a 4 fold increase of charge transfer resistance
along with increased electrolyte resistance meaning severe electrolyte decomposition
and cathode passivation to the extent of reduced Li-ion conductivity supported by
the electrolyte.
Figure 3.4. (a) XRD patterns for the as-synthesized cathode and the
cathode discharged/charged to different cycles at C/10, SEM images
and EDX mapping of the (b) as-synthesized cathode, (c) completely
charged cathode, and (d) completely discharged cathode. Blue repre-
sents oxygen and red represents carbon in the EDX map.
X-ray diffraction (XRD) was performed to prove the above hypothesis of forma-
tion of both Li2O2 and Li2CO3 and to explain the sustained cycling even in the
presence of Li2CO3, as shown in Figure 3.4a.The XRD of the as-synthesized cathode
clearly exhibits all the peaks of Li2O2 without any impurity peaks. On charging the
cathode, no Li2O2 peaks are detected confirming the conversion of all Li2O2 to O2.
On discharging all Li2O2 peaks return and no impurities can be detected. But on
further cycling, at the 10th discharge, when significant portion of the voltage profile
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covers the 4.2 V plateau, traces of Li2CO3 can be seen in the discharged cathode. At
the 20th discharge, when Li2CO3 formation predominates, clear signals for all major
peaks for Li2CO3 are observed while other possible by-products were not detected.
We believe that the high DN of anions in the electrolyte promotes CO2 dissolution
and solvation of intermediates hypothesized in literature leading to Li2CO3 forma-
tion.[25, 26] Also, discharged products could consist of reversible and conductive
Li2O2@Li2CO3 interfaces formed on the cathode due to reaction between O2 and
CNF in the presence of Li-ions during discharge.[27] On charging this cathode, Li2O2
peaks disappear and Li2CO3 peaks show clear reduction in intensity. Some peaks of
Li2CO3 are not present anymore. We hypothesize that this observation could be due
to a part of Li2CO3 in the form of Li2O2@Li2CO3 interfaces being converted to CO2
upon charging. The residual Li2CO3 peaks arise from its deposition on the carbon
cathode due to further irreversible electrolyte decomposition. From the XRD analysis,
it appears that the cell could operate through reversible formation and decomposition
of both Li2O2 and Li2CO3.[23, 26]
To better understand the morphological changes in the Li2O2-CNF cathode dur-
ing cycling, scanning electron microscopy (SEM) was performed and EDX mapping of
the cathode was done to identify Li2O2 particles. The as-synthesized cathode in Fig-
ure 3.4b shows the agglomerates of nanocrystalline Li2O2 forming micrometer-sized
particles which are well embedded in the CNF network. The electrical conductivity in
this cathode architecture is enhanced by both the CNFs and small size of Li2O2.[28]
No presence of Li2O2 is detected on charging the cathode (Figure 3.4c) indicating
the conversion of all Li2O2 to O2. On the 1st discharge (Figure 3.4d), Li2O2 parti-
cles formed from O2 reduction are evenly distributed throughout the cathode. These
particles vary from 100 to 200 nm and appear like platelets (Figure 3.5). The pres-
ence of high donor number anions and minimal moisture have led to the formation of
Li2O2 platelets through the solution mediated mechanism reported in literature.[29]
The near uniform size and distribution of Li2O2 particles after the 1st discharge help
lower the oxidation potential to 3.5 V in the 2nd charge as shown in Figure 3.3a.
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Figure 3.5. High magnification SEM showing (a) the Li2O2 platelets
formed during discharge with (b) EDX mapping of the same. Blue
represents oxygen and red represents carbon in the EDX map.
Figure 3.6. Voltage profile of charge capacity limited cell cycled at
C/10 showing increased charge voltage and reduced discharge voltage
as cell is cycled to 50 cycles. Charge capacity was limited to 50% of
theoretical charge capacity of the cathode (1 C = 1,168 mA g−1).
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Based on the voltage profile in Figure 3.3a and XRD results from Figure 3.4a,
it is clear that the electrolyte decomposition is aggravated only when the battery
operates at high charge overpotentials. The electrolyte decomposition and cathode
degradation can be minimized if the cell is operated at lower voltages. [22] One way
to do this is to use capacity limited charging protocol. Cells were cycled at a given
rate such that only 50% of the theoretical capacity of the cathode was utilized. The
charge voltage cut-off was set to 4.3 V to enable the activation of the Li2O2 and
accumulated Li2CO3. This protocol would thus enable the usage of the lower charge
plateau for majority of the charge process minimizing parasitic reactions(Figure 3.6).
During discharge, the presence of existing Li2O2 particles would provide active growth
surfaces for the products of O2 reduction at the cathode. When cycled at C/10
(Figure 3.7a) under this protocol, the stability of the cell is remarkably improved.
551 mAh g−1 is delivered in the first cycle with efficiency as high as 95% for the
first 5 cycles. Even after 50 cycles, the cell can reversibly deliver 487 mAh g−1 while
maintaining an efficiency of 85%. As electrolyte decomposition is not completely
eliminated, the cell fails as the efficiency dips below 80% after 58 cycles (not shown).
The gradual increase in the voltage over 50 cycles due to minimized parasitic reactions
can be observed (Figure 3.6). Under this cycling regime, the higher rate capability
Figure 3.7. Cycle performance under capacity limited charging at (a)
C/10 (b) C/5 and C/2 (1C = 1,168 mA g−1 based on Li2O2 mass)
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of this cathode architecture was tested. The presence of the intimate contact of
Li2O2 and CNFs permits good rate capability. As shown in Figure 3.7b, at C/5,
523 mAh g−1 is obtained at an efficiency of nearly 91% and at C/2, mAh g−1 with
88.5% efficiency can be obtained. Therefore, it can be observed that the first cycle
efficiency reduces at higher rate. The cause of this is evident on seeing the voltage
Figure 3.8. Representative voltage profiles of 5th cycle for cells cycled
at different C-rates under capacity controlled regime with capacity
limited to 50% of theoretical charge capacity of the cathode.(1C =
1,168 mA g−1 based on Li2O2 mass)
profile (Figure 3.8). As the rate increases, the overpotentials broaden with the charge
occurring predominantly over 3.8 V in the case of C/2 leading to increased electrolyte
decomposition and thus lower efficiency. As a consequence, in both cases, as the
efficiency drops below 80%, the cell degrades faster and fails as quickly as 30 cycles.
It is also interesting to note that, at C/2 the discharge occurs at 2.5 V. This means
that this cathode is capable of delivering high specific power even at higher rates.
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3.4 Conclusion
In summary, this work demonstrates an improved closed system Li-O2 battery
wherein chemically synthesized Li2O2 nanocrystals intimately embedded in a CNF
matrix is capable of operating at lowered overpotentials and showing high recharge-
able capacities and prolonged cycle life.[30] On using capacity controlled charging
protocol, the parasitic side reactions are significantly minimized leading to remark-
ably stable cycling of a closed system cell for 50 cycles at C/10. The cell is also able to
demonstrate prolonged cycling at rates as high as C/2 while still maintaining a high
capacity and good power density. Thus, this synthesis route is feasible for making
novel Li2O2 based cathode architectures that can provide stable cycling towards the
development of Li-O2 batteries.
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4. GRAPHITE-POLYSULFIDE FULL CELL WITH DME-BASED
ELECTROLYTE
4.1 Introduction
The demand for energy consumption by mankind is ever increasing due to rapid
growth and accessibility of technology by the masses. This has led to our dependence
on fossil fuels like coal and petroleum. Fortunately, sulfur, one of the promising
cathode materials for inexpensive high energy density lithium batteries arises as a
by-product of petroleum refining.[1] Its abundant, benign nature combined with the
ability of lithium-sulfur (Li-S) cells to provide a theoretical specific capacity of 1,672
mAh g−1 and specific energy of 2,600 Wh kg−1 makes it an attractive cathode
material.[2] With high promises come significant challenges in utilizing this material
effectively towards commercialization. The significant ones being the low conductiv-
ity of sulfur and lithium sulfide, the shuttle effect caused by the mobile intermediate
polysulfides, and the volume changes upon cycling in the cathode.[2-4] In recent years,
most of the research efforts have been focused to tackle issues at the cathode side.
The pure lithium metal used in the cell also poses crucial challenges in the develop-
ment of Li-S systems. Chief among them being the formation of Li dendrites and
mossy deposits on the Li anode,[5, 6] presence of excess lithium which assists the
shuttle effect,[7] and low Coulombic efficiency associated with Li metal deposition
and stripping which leads to short cycle life.[5] To overcome the shortcomings on the
anode side different non-Li metal anodes have been tested such as graphite,[8-11] hard
carbon,[12] silicon,[13, 14] tin,[15] and other alloys.[8] Although non-lithium anodes
prevent Li-dendrite formation and increase Coulombic efficiency at the anode side,
it is imperative that a compatible electrolyte that can form a stable solid electrolyte
interphase (SEI) and promote high anode capacity is used. The specific capacity
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provided by the graphite anode while using the common electrolyte of 1 M LiTFSI in
DME/DOL is much lower than the carbonate electrolyte for Li-ion batteries, i.e. 1
M LiPF6 in EC/DEC.[11] This provides the motivation to develop alternative elec-
trolytes that work with graphite while utilizing higher anode capacity that facilitates
higher energy density.
In this regard, recent work on high concentration electrolytes have shown to
offer stable Li intercalation into graphite.[16] Not only this, high electrolyte con-
centration effectively suppresses the lithium polysulfide shuttle effect when coupled
with Li-S batteries.[17, 18] In this work, we have incorporated a new high concen-
tration electrolyte based on a combination of 3 M lithium bis(fluorosulfonyl)imide
(LiFSI, LiN(SO2F )2) and 1 M lithium bis(trifluoromethane sulfonyl) imide (LiTFSI,
LiN(SO2CF3)2) in 1,2-dimethoxyethane (DME) as the solvent. This electrolyte uses
the beneficial effects of both the LiFSI and LiTFSI salts while supporting Li interca-
lation at the anode and suppressing polysulfide shuttle from the cathode.[19-21] Full
cells were made with a novel lithium polysulfide cathode and MCMB based anode.
The cells exhibit good cycle performance and high rate capability. The morphological
changes at both the cathode and anode before and after cycling were studied to better
understand the lithium-metal-free Li-S full cells.
4.2 Experimental
4.2.1 Anode Preparation
A slurry containing 80 wt.% MesoCarbon MicroBeads (MCMB, MTI corp.), 10
wt.% Super C65 (conductive carbon black, Timcal), and 10 wt.% polyvinylidene fluo-
ride (PVdF, Kureha Battery Materials Japan Co., Ltd.) with N-methyl-2-pyrrolidone
(NMP, Acros Organics) solvent was cast on Toray carbon paper (TGP-H-090, Fuel
Cell Earth LLC) using a doctor blade. The electrode was dried overnight at 100◦C.
The electrode sheet was punched into approximately 1 cm2 discs with MCMB loading
of about 1.4 mg cm−2 and used as the anode. In this MCMB-carbon paper (MCMB-
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CP) hybrid anode, lithium storage capacity comes from both the MCMB and carbon
paper. 50% of the weight of the carbon paper disc (∼12.4 mg) consists of graphitic
carbon,[22] the mass of which is included in the specific capacity calculation.
4.2.2 Cathode Preparation
The lithium polysulfide solution was prepared by dissolving stoichiometric amounts
of lithium sulfide (Li2S, Sigma Aldrich) and sublimed sulfur (S, Fisher scientific) to
form 0.25 M Li2S6 (corresponding to 1.5 M sulfur) in methanol. Also, 0.75 M Li2S6
solution in ethanol was prepared to develop the higher loading cathode. The cathode
consisted of 1 cm2 discs of commercial multiwall carbon nanotube (MWCNT) paper
or buckypaper (NTL composites) to which 20 µL of 0.25 M Li2S6 solution was added
and let to dry overnight to yield the solid lithium polysulfide cathode containing 1.0
mg of sulfur, which was primarily used in this study. 30 µL of 0.75 M solution was
used to prepare the high loading cathode containing 4.3 mg of sulfur.
4.2.3 Electrochemical Testing
The primary electrolyte used in this study consists of 3 M lithium bis(fluorosulfonyl)
imide (LiFSI, Oakwood Chemical) and 1 M lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI, Sigma Aldrich) in 1,2-dimethoxyethane (DME, Sigma Aldrich) as the
solvent. 1 M LiTFSI in DME and 1,3-dioxolane (DOL, Sigma Aldrich) in 1:1 v/v
ratio as an electrolyte and commercial Li-ion battery electrolyte, i.e. 1 M LiPF6
in ethylene carbonate/diethyl carbonate (EC/DEC, 1:1 v/v, Novolyte) were used in
comparison studies. Half-cell tests were carried out using CR2032 type coin cells with
the anode/cathode discs, 30 µL of electrolyte, Celgard 2400 separator and lithium
metal disc as the counter and reference electrode. The cells were cycled between 2 -
0.01 V for anode tests and between 3.0 - 1.8 V for cathode tests at the appropriate
C-rate (1 C corresponding to 372 mA g−1 graphite for the anode and 1,672 mA g−1
sulfur for the cathode). For full cells, the MCMB-CP anode was pre-lithiated using
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a half-cell at C/15 and the lithiated anode was extracted, washed with neat DME,
and dried in the glovebox atmosphere before being used as an anode. The full cell
was made by coupling the polysulfide cathode with the MCMB-CP anode. Full cells
were cycled at the appropriate C-rate (1 C corresponding to 1,672 mA g−1 sulfur in
the cathode) between 2.8 - 1.85 V. Cyclic voltammetry (CV) was performed on a
Bio-Logic VSP potentiostat between 2.8 - 1.8 V at a scanning rate of 0.1 mV s−1.
4.2.4 Characterization
Structure and morphology change was observed using scanning electron microscopy
(SEM) performed on a JEOL JSM-7800F field emission scanning electron micro-
scope equipped with energy-dispersive X-ray spectroscopy (EDX). SEM samples were
washed using DME solvent and dried before being mounted inside the glovebox. The
samples were transferred using an argon-filled sealed container. X-Ray Diffraction
(XRD) studies used a Bruker D8 Discover diffractometer with Cu Kα radiation source
of wavelength 1.54184 A˚ for 2θ between 20◦ and 80◦ at a scan rate of 1.25◦min−1.
XRD samples were prepared similar to SEM samples and covered with a Kapton film
to prevent any exposure to air.
4.3 Results and Discussion
4.3.1 Anode and Electrolyte
The anode used in the full cell consists of MCMB graphite embedded in a matrix
of carbon fibers of the carbon paper to form the MCMB-CP hybrid anode. Figure
4.1a shows the SEM image of the top surface of the anode. MCMB particles are
deeply covered in super C65 thus ensuring good electrical contact into the graphite.
The SEM image (Figure 4.1b) of the anode cross-section shows the MCMB-super
C65 composite is present through the depth of the carbon fiber of the carbon paper.
The filled pores of the crisscrossed carbon fibers ensure abundant electron transfer
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Figure 4.1. SEM images of the MCMB-CP anode showing (a) its
face and (b) its cross-section.
pathways while reducing the porosity of the anode which could reduce polysulfide
retention due to shuttle effect.
XRD investigation of the pristine anode (Figure 4.2a) shows a distinctive sharp
peak at 26.4◦ corresponding to the (002) plane of the graphite present in both MCMB
and the carbon paper. There is also a broad slope at about 26◦ which arises due to
the non-graphitic carbon fibers present in the carbon paper. On electrochemical
lithiation of this anode, the peak shifts to 24.5◦ owing to the increase in the graphite
interlayer spacing due to lithium intercalation. On de-intercalation, the graphite
returns to its original configuration thus showing the reversible lithium intercalation
and de-intercalation supported by the 3 M LiFSI/1 M LiTFSI in DME electrolyte.
High concentration LiFSI based electrolytes have shown stable lithium interca-
lation.[16] But, LiFSI-based electrolyte shows unfavorable performance with sulfur
cathode at room temperature.[21] However, the addition of a similar salt, namely,
LiTFSI can stabilize the electrolyte due to common-ion effect.[19, 20] Thus, this
unique combination of 3 M LiFSI and 1 M LiTFSI has been used in this study to
accommodate both highly reversible lithium intercalation behavior offered by LiFSI
and the stability with sulfur cathode provided by LiTFSI while utilizing DME alone
as the electrolyte solvent.
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Figure 4.2. (a) XRD showing the intercalation behaviour of MCMB-
CP anode with 3 M LiFSI + 1 M LiTFSI in DME electrolyte, (b)
first cycle performance comparing the anode performance under dif-
ferent electrolytes, (c) cycle life of the MCMB-CP anode with DME
electrolyte along with the corresponding voltage profiles in (d). The
cells were cycled at C/10 (1C = 372 mA g−1, based on the mass of
graphite in the whole electrode).
To compare the performance of this newly developed electrolyte with the commer-
cial Li-ion battery electrolyte which is known to exhibit high capacity and reversibility
and the electrolyte commonly used in Li-S studies, including full cell studies,[9, 12]
half cells with the MCMB-CP anode were tested. The first cycle performance shown
in Figure 4.2b uses reversible specific capacity delivered by the anode as a measure of
the effectiveness these electrolytes. Higher specific capacity equates to lower amount
of graphite required to support the capacity delivered by sulfur cathode, thus im-
proving the specific energy of the system. It is apparent that the best performance is
provided by the carbonate based electrolyte. However, it is incompatible with sulfur
cathode.[23] Thus, among the ether based electrolytes, the one containing 3 M LiFSI
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and 1 M LiTFSI in DME alone shows a much higher reversible capacity of 350 mAh
g−1 over the commonly used DME/DOL based electrolyte which shows less than 300
mAh g−1, making it a more suitable choice for Li-S full cells. The compatibility
and longevity of the MCMB-CP anode was further tested in this electrolyte. The
DME electrolyte shows excellent reversibility over 100 cycles as evidenced in Figure
4.2c. Beyond the 1st cycle, the Coulombic efficiency is about 99.8% establishing the
stability of the SEI layer and that of the electrolyte with the anode. The specific
capacity delivered by the cell drops to about 340 mAh g−1 in the second cycle, but
stabilizes and still yields 327 mAh g−1 after 100 cycles. The voltage profile of the
anode in Figure 4.2d with the first discharge exhibits a short plateau at 0.8 V owing
to the SEI layer formation. It also clearly shows the multi-step lithium intercalation
into graphite.[24] On lithium extraction, a reversible capacity of 350 mAh g−1 is ob-
tained with a Coulombic efficiency of about 75% due to irreversible loss in the SEI
formation. On further cycling, The Li insertion voltage settles to 0.09 V from cycle
10 to 100. Li extraction occurs at 0.16 V at the 10th cycle which increases to about
0.18 V by the 100th cycle. Thus, the combination of 3 M LiFSI and 1 M LiTFSI
in DME yields a highly compatible electrolyte with the graphite anode. It has been
shown that graphitic carbon paper can work as an effective anode in carbonate elec-
trolyte.[22, 25] In the MCMB-CP anode, the capacity contribution from the carbon
paper is about 2.18 mAh and that of MCMB is 0.48 mAh thus providing a combined
capacity of 2.66 mAh. Therefore, based on the sulfur in the cathode, there would
be about 65% excess lithium on the anode providing sufficient capacity balance to
operate a full cell while utilizing the full potential of sulfur.
4.3.2 Polysulfide Cathode
A novel approach to deposit solid lithium polysulfide in the cathode was developed
in this work. It has been shown that polysulfide dissolved in the electrolyte works
as a highly reversible sulfur source in a Li-S battery.[26] It has also been shown that
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such a system is ideal for developing high sulfur loading cathodes.[27] However, this
approach limits the energy density as a large amount of electrolyte is required to de-
liver the sulfur. This can be circumvented by using the solvent evaporation technique
utilized in this work. In this method, lithium polysulfide solution is prepared in a low
boiling point media such as alcohol and deposited into a conductive substrate such
as MWCNT paper and dried to remove the solvent leaving the polysulfide evenly
distributed within the cathode.
Figure 4.3. (a) Schematic showing the cathode preparation tech-
nique through lithium polysulfide deposition on MWCNT paper. (b)
Cycling performance of high loading sulfur cell with 4.3 mg sulfur
deposited on MWCNT paper. The cell was cycled at C/10 (1C cor-
responding to 1,672 mA g−1 sulfur for the cathode).
This process is outlined in the Schematic in figure 4.3a which shows the homo-
geneous 0.25 M Li2S6 solution in methanol and illustrates the cathode preparation
technique. Such an approach also has the advantage of introducing extra lithium
in the cathode thus minimizing the amount of lithium required in the anode. We
utilized both 0.25 M and 0.75 M solutions of Li2S6 to introduce polysulfide into the
cell to demonstrate the viability of utilizing this technique to develop high polysulfide
loading cathodes. The performance of the high loading cathode is shown in Figure
4.3b. For the purpose of full cell study, the lower loading cathode was utilized due
to the ease of fabrication of the anode with a lower loading of graphite at lab scale.
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However, this approach is scalable and can be utilized with higher loading of active
materials on both the anode and cathode.
Figure 4.4. (a) XRD analysis of the polysulfide indicating amorphous
deposits of polysulfide on the MWCNT paper, (b) SEM micrograph
of the cathode along with EDX mapping of (c) carbon and (d) sulfur
showing uniform coating of polysulfides throughout the cathode.
The absence of elemental sulfur or lithium sulfide in the cathode thus prepared
was verified by XRD in Figure 4.4a. The XRD of the cathode shows diminished peaks
of the MWCNT paper thus proving that the cathode consists of an amorphous, con-
formal coating of lithium polysulfides. This was further confirmed through scanning
electron microscopy (SEM). The SEM micrograph (Figure 4.4b) shows no distinct
particles on the carbon network of the cathode. However, what appears to be a con-
formal coating of the lithium polysulfide species on the carbon is clearly observed.
It is also possible that polysulfide species is absorbed by the pores of carbon nan-
otubes. The EDX mapping of carbon (Figure 4.4c) and sulfur (Figure 4.4d) confirm
the uniform coating of polysulfide species in the cathode.
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Figure 4.5. Performance of the polysulfide cathode with DME elec-
trolyte showing (a) cycle life and (b) voltage profile of the same. The
cells were cycled at C/10 (1C = 1,672 mA g−1, based on the mass of
sulfur in the cathode).
Half-cells were made with this cathode to examine its performance with the DME
based electrolyte. The cycle life of the cell when cycled at C/10 is shown in Figure
4.5a. During the initial cycles, the capacity drops from 1,481 mAh g−1 in the first
cycle to mAh g−1 in the 4th cycle. The Coulombic efficiency drops to 93% in the
same interval. This loss is probably due to minor polysulfide shuttle before the cell
stabilizes. Beyond 20 cycles, electrochemical stability improves with the Coulombic
efficiency reaching over 98%. After 100 cycles, the cell manages to deliver over mAh
g−1 showing remarkable stability despite the absence of additives such as LiNO3.
This demonstrates that the cathode prepared through this technique is robust in
retaining most of the polysulfide generated during cell cycling within the pores of the
cathode thus offering stable performance. The voltage profile of the cathode during
first discharge shows the conversion of the high-order polysulfides (Li2Sx, 6 ≥ x ≤
8) to Li2S4 above 2.1 V and its conversion to intermediate polysulfides (Li2Sx, 2 ≥
x ≤ 4) at 2.1 V and lithium sulfide (Li2S) at the end of discharge (Figure 4.5b).
The following recharge converts the Li2S to high-order polysulfides/elemental sulfur
through the reversal of the discharge process. The charge process is able to reach
completion beyond 2.4 V without leading to severe polysulfide shuttle.
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Figure 4.6. (a) Cyclic voltammogram of the polysulfide cathode
showing its high reversibility. The scan rate is mV s−1. (b) Optical
image demonstrating the relative insolubility of lithium polysulfide in
the DME electrolyte used in this work (left) and the ease of lithium
polysulfide formation in the conventional DME/DOL electrolyte. To
prepare this, stoichiometric amounts of Li2S and elemental sulfur was
stirred in the electrolytes for 24 h.
This highly reversible cycling is also captured by the cyclic voltammogram in Fig-
ure 4.6a. The continuous overlap of the peaks confirms the stability of the lithium
polysulfide cathode with the new electrolyte. The high salt concentration of this elec-
trolyte leads to higher viscosity thus inhibiting polysulfide dissolution and migration
to the anode side.[17, 21] This capability of the electrolyte is demonstrated by its
inability to form soluble polysulfide species on stirring of stoichiometric quantities
of Li2S and elemental S in a vial containing the electrolyte (Figure 4.6b). In com-
parison, as in Figure 4.6b, the common DME/DOL electrolyte is able to easily form
polysulfide solution.
4.3.3 Full Cell Performance
The excellent cycling stability offered by the cathode affords its use in the full
cell setup. When coupled with the lithiated MCMB-CP anode and cycled at C/10,
the cycling performance in Figure 7.7a is observed. The initial formation cycles
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Figure 4.7. (a) Cycling performance of the full cell at C/10 with
its corresponding (b) voltage profile and (c) rate performance of the
cathode. The cells were cycled at C/10 (1C = 1,672 mA g−1, based
on the mass of sulfur in the cathode).
results in capacity decay from over 1,500 mAh g−1 to about 1,150 mAh g−1 as the
anode and cathode performance stabilizes. Post stabilization, the full cell exhibits
stable performance with Coulombic efficiency over 97%. At the end of 100 cycles,
about 700 mAh g−1 of the capacity is retained. In the first cycle (Figure 7.7b), as
the cell discharges, 65% excess lithium is present in the anode and thus operates
at a lower potential ensuring high cell operating voltage. The high Li extraction
efficiency at the anode results in a high first discharge capacity of over 1,500 mAh
g−1. The first cycle Coulombic efficiency is over 96%. As the cycling progresses,
both the discharge potential and the charge potential gradually lower, reducing the
cell operating voltages. This is due to the consumption of lithium as the cycling
progresses. This will be further discussed in the post-mortem analysis section.
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The full cell was tested using rates varying from C/20 to 2C to determine the
reversible sulfur utilization at different rates with 1C corresponding to a current of
1,672 mA g−1 sulfur (Figure 7.7c). At C/20, a high reversible capacity of about
mAh g−1 g-1 is delivered by the cell. While cycling at C/10, the cell delivers over
mAh g−1. At higher rates of C/5, C/2, 1C, and 2C, 1000 mAh g−1, 880 mAh g−1,
610 mAh g−1, and 460 mAh g−1, respectively, can be extracted from the cell. On
returning to C/10, the cell is able to recover to the initial capacity level of 1,180 mAh
g−1.This demonstrates excellent electrochemical reversibility of the cathode, enhanced
Li diffusion through the anode and fast ion transport through the electrolyte. Thus,
this full cell is able to deliver high capacities even under high rates.
4.3.4 Post-Mortem Analysis
The substrate used in the cathode to deposit the polysulfide was commercial
MWCNT paper that was used without any treatment. The primary contributor to
the longevity of the cell is the ability of the MWCNT paper to contain the polysulfides.
The cathode recovered from the cell after 100 cycles in the charged state (Figure 4.8a
and b) is compared with that of the pristine cathode (Figure 4.8c and d). It is evident
that, after 100 cycles, the MWCNT structure of the cathode still exhibits mechanical
robustness and is able to accommodate the volume change occurring in the cathode.
It also shows that the sulfur species is uniformly deposited and retained by the carbon
network. Although the electrolyte diminishes polysulfide solubility, some amount of
it still diffuses over extended time which can be evidenced from the cycled anode.
Comparison is made between an anode extracted from a half cell after first cycle
(Figures 4.9a, b, and c) and the anode extracted from a full cell after 100 cycles
(Figures 4.9d, e, and f). The EDX map of both oxygen species (Figures 4.9b and
e) and sulfur species (Figures 4.9c and f) shed light on the two important reactions
occurring at the anode, namely, SEI layer formation involving oxygen species arising
from DME and the salts and sulfur migration due to shuttle effect. After first cycle,
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Figure 4.8. SEM image of the cathode (a) extracted after 100 cycles
from a full cell accompanying its EDX mapping in (b) along with (c)
as prepared cathode with its EDX mapping in (d). Red represents
carbon in the EDX map and yellow represents sulfur.
the anode shows a uniform, invisible formation of SEI on the surface of the MCMB
particle as evidenced from the uniform distribution of oxygen species on graphite
surface. There is almost no sulfur observed barring a small amount on the super
C65 particles arising out of the decomposition of salts. This shows the formation of
a uniform, robust SEI on the anode. In the cycled anode appears a distinct layer
of deposits on both the MCMB and super C65 surface. The elemental mapping
provides evidence on the nature of the deposit. It is most likely composed of sulfur
species which on migration from the cathode, were reduced on the anode surface and
deposited there. This process corrodes the SEI layer leading to its reformation through
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Figure 4.9. Post-mortem analysis of a MCMB-CP anode through
(a) SEM micrograph along with EDX map of oxygen (b) and sulfur
species (c) extracted from a half-cell compared with those of an anode
from a cycled full cell (d), (e), and (f). Anodes were washed with DME
solvent prior to analysis. The highlighted portion indicates insoluble
sulfur species deposited on the anode.
electrolyte decomposition. The high sulfur concentration in the deposit highlighted
in Figure 4.9d supports this hypothesis.
Therefore, the polysulfide shuttle, although not severe, leads to the loss of capacity
over cycles. As there still exists a minor shuttle effect, the migrating polysulfides
slowly consume lithium at the anode and form deposits of Li2S2/Li2S. As ten or
more moles of Li is required per mole of Li2S6 (or higher order) that migrate to
the anode side, the excess lithium present in the anode depletes fast leading to the
operation of the anode at higher potential. This reduces the cell voltage as observed
in Figure 4.5b. The performance of such a system could be enhanced by modification
of the polysulfide host such as functionalization of CNT, [28] modification of current
collectors, [29] use of other host materials such as graphene, [30] ordered carbon, [31]
and other non-carbonaceous hosts to contain lithium polysulfides in the cathode. [32]
Lithium sulfide cathodes with low overpotentials can also be used. [33]
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4.4 Conclusion
A major factor slowing the progress of Li-S batteries towards commercialization
is the lack of a viable alternative to the lithium metal anode. The development of
electrolytes that can provide stable, long term cycling with non-lithium anodes such
as graphite while maintaining compatibility with sulfur cathode is a viable direction
towards the progress of Li-S batteries. In this work, we have utilized a graphitic anode
consisting of MCMB embedded in carbon paper that demonstrates stable lithium
intercalation and de-intercalation through the formation of a robust SEI while using
3 M LiFSI and 1 M LITFSI in DME as the electrolyte. This unique electrolyte
combination enhances the compatibility with sulfur cathode. We also report a novel
technique for solid lithium polysulfide introduction into a carbon current collector.
On coupling this cathode with the graphitic anode in the new electrolyte system, a
stable, high performance full cell is obtained. This work demonstrates the viability
of utilizing this approach of cathode and anode design to increase active material
loading and cycle life through material optimization which can work in tandem with
the new electrolyte to make a high energy density and long life Li-S full cells.[34]
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5. SUMMARY
The works on lithium-oxygen batteries presented in this thesis introduces the concept
of closed system lithium oxygen batteries. These batteries show good rechargeability
and though the utilization of controlled material synthesis and encapsulation, better
performance can be obtained. Material characterization clearly points to complete
reversibility of the lithium peroxide decomposition and formation. Cells with up to
50 cycles while using charge capacity control protocol has been demonstrated.
The work on lithium-sulfur batteries utilizes a novel solid polysulfide deposition
technique to incorporate sulfur into the cathode. A new electrolyte compatible with
both sulfur and graphite anode is presented. Satisfactory full cell performance is also
demonstrated.
60
6. RECOMMENDATIONS
Closed system lithium-oxygen clearly enables the functioning of the cell without the
external supply of oxygen. This system could be to understand the reaction kinetics,
electrolyte-cathode interaction, and parasitic reactions. It can also be used to study
the use of oxygen storage materials, different electrolytes and non-Li anodes in such
batteries.
Clear performance improvement is observed when lithium peroxide is chemically
synthesized. The demonstrated synthesis technique can be utilized to control the size
and morphology of lithium peroxide that forms the starting material. This method
of cathode preparation can be used to develop cathodes with advanced carbonaceous
and non-carbonaceous materials to enhance performance and prolong cycle life. Also,
Li-metal free cells can be developed. These would enable long-life and safe Li-O2
batteries in the future.
Lithium-sulfur batteries with the demonstrated polysulfide encapsulation tech-
nique can be used in ordered cathodes which can efficiently retain polysulfides thus
minimizing the shuttle effect leading to prolonged cycle life of full cells. The new
electrolyte can also be used with further optimized anodes having less porosity and
higher capacities enabling high energy density lithium-sulfur batteries.
